Phospholipids, Phosphonolipids, M ytilus galloprovincialis, Mussels, Food Analysis One of the possible roles of phosphonolipids is that they have a contribution to the protec tion of cellular integrity and survival of aquatic organisms (mollusca, cnidaria) as these lipids are included at high percentages. The total lipids of the edible mussel Mytilus galloprovin cialis (Mollusca, Bivalvia, M ytilidae) were found to constitute 1.27% of fresh tissue. Polar lipid com ponents constitute 61.5% of the total lipids. After separation by Solid Phase Extrac tion, the polar lipid fraction was separated by two dimensional thin-layer chromatography and the total phosphorus of each component, was determined. The main polar lipids found were: Phosphatidylcholine, 41.6 ± 0.8% (of which 11.3 ± 0.5% was glyceryl ether analog); ceramide am inoethylphosphonate 11.2 ± 0.2% plus 2.8 ± 0.1% another minor species; phosphatidylethanolamine, 26.6 ± 0.5% (of which 12.2 ± 0.3% was glyceryl ether analog). The individual ceramide aminoethylphosphonate species were isolated by preparative thin layer chromatography and the structure of the major one was confirmed by a combination of analytical and chromatographic methods. Saturated fatty acyl groups with 16 carbon atoms were the main com ponents (48.4% ) of the major ceramide aminoethylphosphonate species. Diglyceride aminoethyl phosphonates were not found in lipids of M. galloprovincialis.
Introduction
The phosphonolipids are a specific group of lip ids containing a very resistant bond between car bon (C) and phosphorus (P). The accurate role and metabolic pathway of phosphonolipids are not yet well understood. Possible functional roles in clude the contribution to the protection of the cel lular integrity, and consequently to the survival of aquatic organisms. Their presence plays a vital role to the cell adaptation when environm ental condi tions change (Hori and Sugita, 1984) . The above properties depend not only on the chemical sta bility of the C-P bond, but also on the chemical inertness of phosphonolipids either due to exis tence a glyceryl ether bond in glycerophosphonolipids or due to the presence of hydroxy-fatty acids in sphingophosphonolipids. M oreover, phospho nolipids, apart from their ability to provide resis tance to hydrolytic enzymes, have the property to provide cationic buffering capacity, to facilitate transport of essential small ions, to participate in specific metabolic pathways, to substitute the sphingomyelin and gangliosides, in some organ-isms and finally they enable inter-or intra-species communication or recognition processes (Hilderbrand and Henderson, 1983; Rosenberg, 1973) . The presence of a phosphonolipid was first found by Rouser et al. (1963) in the sea anem one Anthopleura elegantissima as a sphingolipid ceramide aminoethylphosphonate. The same lipid, apart from its existence in cnidaria (Joseph, 1979; Nakhel, 1988) , along with ceramide iV-methyl-aminoethylphosphonate, is widely distributed in molluscs (Hori et al., 1969; M atsubara, 1975; Joseph, 1982; Hori and sugita, 1984; Stavrakakis et al., 1989; M at subara et al., 1990; Dembitsky et al., 1992) . Also, a new type of sphingophosphonolipids, aminoalkylphosphonyl cerebrosides, has been found in marine molluscs (Araki et al., 1991; Yamaguchi et al., 1992; M atsubara and Hayashi, 1993) .
We have decided to study the mussel Mytilus galloprovincialis (Mollusca, Bivalvia, Mytilidae) on the basis that according to references, molluscs are rich in phosphonolipids (M atsubara, 1975; Jo seph, 1982; Matsubara et al., 1990) . A nother reason was that this organism comprises one of the main fishery food resources commercially avail able in Greece, having a high degree of consum p tion among the fishery products. Therefore, this organism is extensively cultivated in well orga nized fish production units. M. galloprovincialis is present in the Mediterranean, Adriatic and Black seas and northwards as far as northern France and South-West Britain (Bayne, 1976) . Its food con sists of organic detritus, protozoans and diatoms which are filtered from the sea-water.
In this paper we describe the qualitative and quantitative lipid composition of the whole organ ism of M. galloprovincialis. Together with other lipids, two species phosphonolipids and glyceryl ether phospholipids were found.
Materials and Methods

Extraction and isolation o f polar and neutral lipids
Extraction of lipids from wet tissue was per formed according to a modification of the Bligh and Dyer (1959) method as follows: To 233 gr of wet tissue (without shells) 698 ml chloroform/ methanol (1:2, by vol) were added and the mixture was blended for 5 min at high speed in a Sorvall Omni-Mixer. The liquid phase was separated by centrifugation ( -4°C , 10 min, 7710 x g) and the residue was re-hom ogenized with 698 ml chloro form/methanol/water (1:2:0.8, by vol), centrifu gated again, and the two extracts were combined. To the pooled extracts (635+653 ml), 1288 ml chlo roform and 1288 ml water were added. After phase equilibration, the lower chloroform layer (total lipids) was evaporated to dryness, redis solved in chloroform/ methanol (2:1, by vol), and stored at 0 °C (Stavrakakis et al., 1989) . Total lip ids were fractionated by solid phase chromato graphy as follows: A portion of total lipid extract (~ 5.3 mg solid) was dissolved in 0.5 ml chloro form/hexane, 1:1, and applied to a pre-washed 100 mg silica column. Neutral lipids were eluted three times with 6 ml aliquots of chloroform, and polar lipids were eluted with 7 ml methanol. The appa ratus used was "Waters SEP-PACK Vacuum mani fold" and the column used was "Waters SEP-PACK V A R RC Silica catridges". (Mastronicolis et al., 1996) . (Fig. 1) but simultaneously the minor phosphonol ipid partially overlapped phosphatidylcholine component. In system B, both the molecular spe cies of phosphonolipids com ponents had similar R f range, but the phosphatidylcholine mobility was very slow and it was situated far from both phosphonolipid species, therefore the isolation and purification of phosphonolipid species mix ture from the rest polar lipid components was very easy by preparative TLC (Fig. 2) . In the solvent system C, the polar lipid com ponents were sepa rated into several spots with similar Rf values for the most part close to that o f phosphatidylcholine. (Fig. 3) .
Thin-layer and p aper chromatography o f lipids
Results and Discussion
General observations
It means two more com ponents than the eight components o f the above single TLC separation were determined (Fig. 1, Fig. 2 ). The designated spots as PE! and PE2 had the same R f value on single TLC as PE standard (Fig. 1, Fig. 2 ) but could be resolved (by 2D-H PTLC) into two phos phorus and ninhydrin positive spots in chloroform/ methanol/water (65:20:3, by vol) system (Fig. 3) .
The designated spots as f and CAEP-I had the same Rf value on single TLC as CAEP standard (Fig. 1, Fig. 2 ) but could be resolved by 2D-HPTLC into two phospholipid spots in a chloro form/methanol/water (65:20:3, by vol) system (Fig. 3) . Species f was ninhydrin and Stillway test negative but the molecular species CAEP-I was positive to ninhydrin and Stillway test suggesting that it is a phosphonolipid com ponent.The desig nated spot as PC had the same Rf value on single TLC as PC standard (Fig. 1, Fig. 2 ) Finally, the lipid com ponent at the " origin" was positive to anaphthol reagent test suggesting the presence of glyco-or sulpho-lipids in this spot. After the analytical data obtained by quantita tion of total phosphorus using a polar lipid sample (up to 10 ^g phosphorus) after separation on twodimensional TLC by using the solvent system E as described in Materials and methods, the overall composition for the total phospholipids was in ferred. The results are summarised: PEj, 13.5 ± 0.3%; PE2, 13.1 ± 0.2%; CAEP-I, 11.2 ±0.2% ; CAEP-II, 2.8 ± 0.1%; f, 6.7 ± 0.4%; PC, 41.6 ± 0.8%; a, 1.6 ± 0.2% and origin, 4.5 ± 0.3%.
Structural studies
M ajor and m inor sphingophosphonolipids: By using a polar lipid sample on preparative TLC with the solvent system B (Fig. 2) and the alkaline-stable products (197 (ig phos phorus) were analysed by 2D-HPTLC using the solvent system E. The results confirmed that only two components (positive to ninhydrin, to m olyb denum blue and to Stillway test) were present and their phosphonate-phosphorus analysis showed that 97% of lipid-phosphorus was found to be phosphonate-phosphorus. The mixture of two phosphonolipid species was further separated into two individual molecular species (major sphingophosphonolipid species and the minor one) by three successive preparative TLC using the solvent system A (Fig. l) .T he minor sphingophosphonolipid, CAEP-II, was isolated and stored for further identification analysis. After testing the purity of major sphingophosphonolipid species, CAEP-I, by 2D-HPTLC analysis it was confirmed that only one component was present. Sample of this phos phonolipid was subjected to dry-acid methanolysis and the hydrolysis products, were found to contain total nitrogen, long-chain bases, (methyl) esters and total phosphorus in molar ratios of 2.18 : 0.85 : 1.08 : 1.00 respectively. Furthermore, the watersoluble products of the above methanolysis were analysed by descending paper chromatography and found to contain only one component which co-migrated with 2-aminoethylphosphonic acid standard and was ninhydrin and phosphorus posi tive. Therefore, by all the results mentioned above a structure of ceramide aminoethylphosphonic acid, CAEP-I, is confirmed for this major sphingophosphonolipid com ponent of M. galloprovincialis, and its main fatty acid composition was studied by gas liquid chromatographic analysis, as described in Materials and Methods. The results are listed in Table I According to structural studies, the two sphingophosphonolipids of M. galloprovincialis belong to the ceramide aminophosphonic acid type, re gardless of their chromatographic resolution into one major and one minor component. It has been established (Hori and Sugita, 1984 ) that additional hydroxyls in the long chain base and/or the fatty acyl group result in chromatographic resolution of Table I . Fatty acid composition of major sphingophos phonolipid isolated from M ytilus galloprovincialis.
Fatty acid
Weight % 2-OH Ci0:0 9.4 Cl4;0 6.7 Cl5;0 9.1 Cl 6:0 48.4 C i8:0 12.7 C l8:l 7.8 C l8:2 2.6 C20:0 3.3 the respective molecular species of the same type, owing to increased polarity.
Glycerol lipids
By using a polar lipid sample on preparative TLC with the solvent system B (Fig. 2) the band of the lipid component which co-chromatographed with phosphatidylcholine standard was isolated, and the extracted lipid was purified by two succesive preparative TLC. After testing the purity of this phospholipid by 2D-HPTLC analysis, it was confirmed that only one component was present, which was positive to molybdenum blue and to Dragendorff reagents. This component was sub jected to glyceryl ether determination and the re sult indicated that this lipid fraction contained 11.3 ± 0.5% glyceryl ethers (4.7 ± 0.2% of polar lip ids). Furthermore, sample of this lipid (257 ^ig phosphorus) was subjected to mild alkaline hy drolysis and the alkaline stable products were found to contain 30 ^ig phosphorus. Sample of the latter alkaline-stable product was co-chromatographed with lyso-phosphatidylcholine standard on 2D-HPTLC with the system E and it was found to contain only one component, molybdenum blue and Dragendorff test positive. A lso a water-soluble products sample of the above hydrolysis was analysed by descending paper chromatography and it was found to contain only one component which co-chromatographed with glycerylphosphorylcholine standard and was Hanes-Isherwood and Dragendorff positive. Therefore, by com bin ing all the data mentioned above a structure of phosphatidylcholine was confirmed for this lipid. By using the separation of polar lipids on a 2D-HPTLC (Fig. 3) A fter testing the purity of PEj com ponent by 2D-HPTLC analysis it was confirmed that only one com ponent was present which was positive to ninhydrin and to molybdenum blue reagents. The lipid-phosphorus recovery of PEx was in agreement with the result o f quantitation analysis for this lipid (13.5% of polar lipids). This com po nent was subjected to glyceryl ether determination and the results indicated that P E i contained glyc eryl ether analogs in a proportion of 24.0 ± 0.7% (3.1 -3,3% o f polar lipids). M oreover, sample of PEj lipid was subjected to mild alkaline hydrolysis and 24% of lipid-phosphorus was distributed in the alkaline-stable products. Sample of the latter alkaline-stable products was co-chromatographed with lyso-phosphatidylethanolamine standard on 2D-HPTLC with the solvent system E and it was found to contain only one ninhydrin and m olybde num blue positive component. Also, a water-solu ble products sample of the above hydrolysis was analysed by descending paper chromatography and it was found to contain only one component which co-chromatographed with glycerylphosphosphorylethanolamine standard and it was ninhy drin and Hanes-Isherwood positive.Therefore, by combining all the data mentioned above a basic molecular structure of phosphatidylethanolamine was confirmed for this lipid.
We tested the purity of PE2 com ponent by 2D-HPTLC analysis and also we tested its lipid phos phorus recovery as above described for P E i spe cies. Also, PE2 com ponent was subjected to glyc eryl ether determination and the results indicated that PE2 was free of glyceryl ethers. Moreover, sample of PE2 lipid was subjected to mild alkaline hydrolysis and almost the bulk of lipid-phosphorus was distributed in the water-soluble products. A water-soluble products sample of the above hy drolysis was analysed by descending paper chro matography and it was found to contain only one component which co-chromatographed with glycerylphosphosphorylethanolamine standard and it was ninhydrin and Hanes-Isherwood positive. Therefore, by combining all the data mentioned above a basic molecular structure of phosphatidy lethanolamine was confirmed for PE2 species too.
Furthermore, PC, PEx and PE2 lipid com po nents were examined in relation to a possible exis tence of phosphonic acid analogs in them. For this purpose, phosphonate-phosphorus determination was carried out in the above lipids a well as in their respective water-soluble products obtained after their mild alkaline hydrolysis. The result of this determination was negative for all the above lipid fractions suggesting the absence of phospho nic acid analog in these glycerophospholipids frac tions. A s previously mentioned (see M ajor and m inor sphingophosphonolipids section above), a sample of the mixture consisted of the two phosphonoli pids along with f component was subjected to mild alkaline hydrolysis and 25% of lipid-phosphorus was distributed in the water-soluble products. A water-soluble products sample was analysed by de scending paper chromatography and found to con tain only one component which co-chrom ato graphed with glycerylphosphorylinositol standard and it was Hanes-Isherwood positive.Therefore, by the above findings a molecular structure of phosphatidylinositol (PI) could be possibly sug gested for the f component.
The results of the present investigation revealed that the polar lipids comprise 61.5% of the total lipids while 38.3% of them were neutral lipids. The major phospholipid fraction in M. galloprovincialis were choline and ethanolamine phosphoglycerides, which amounted to 41.6 ± 0.8% and 26.6 ± 0.5% of the phospholipids respectively. Ceramide aminoethylphosphonates were the third phospho lipid fraction in amount 14.0 ± 0.3%. Matsubara (1975) reported that the mussel M ytilus edulis has a ceramide aminoethylphosphonate species in amount of 25.6% of total lipids. Furthermore, long chain bases of this molecule were mainly the 16:1, 18:1, and 18:2 dihydroxy bases. Finally the main constituent fatty acid in CAEP of M. edulis was the palmitic acid (76.7%), and branched 17:0 was the second most abundant fatty acid (12.1%). et al., 1988) .The percentage of glycerylether type phospholipids of Mytilus galloprovin cialis was 7.9 ± 0.2%.The glyceryl ethers were con centrated in the molecular species of phosphatidylethanolamine component, (P E !) and also in phosphatidylcholine component (PC) (3.20 ± 0.1% and 4.7 ± 0.2% of polar lipids, respec tively).
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